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Summary
Many aspects of mutational processes are nonrandom, from
the preponderance of transitions relative to transversions
to the higher rate of mutation at CpG dinucleotides [1].
However, it is still often assumed that single-nucleotide
mutations are independent of one another, each being
caused by separate mutational events. The occurrence of
multiple, closely spaced substitutions appears to violate
assumptions of independence and is often interpreted as
evidence for the action of adaptive natural selection [2, 3],
balancing selection [4], or compensatory evolution [5, 6].
Here we provide evidence of a frequent, widespreadmultinu-
cleotide mutational process active throughout eukaryotes.
Genomic data from mutation-accumulation experiments,
parent-offspring trios, and human polymorphisms all show
that simultaneous nucleotide substitutions occur within
short stretches of DNA. Regardless of species, such multi-
nucleotide mutations (MNMs) consistently comprise w3%
of the total number of nucleotide substitutions. These
results imply that previous adaptive interpretations of
multiple, closely spaced substitutions may have been un-
warranted and that MNMs must be considered when inter-
preting sequence data.
Results and Discussion
A widely held assumption in the analysis of DNA sequences is
that substitutions are independently Poisson distributed in
time and space (but see [7]). This independence assumption
is made despite the fact that adjacent nucleotide substitutions
are found more often than expected as both polymorphisms
[8–10] and fixed differences between species [5, 11]. An
excess of such clustered mutations is often explained—even
in polymorphism data—by the rapid emergence of separate
mutations [9], the presence of mutational hot spots [8], or
a series of independent substitutions that only appear simulta-
neous in phylogenetic studies [5, 7]. Indeed, a common inter-
pretation of two nearby substitutions found on the same
haplotype (such as those within a single codon) is that the
initial, slightly deleterious substitution is compensated by the
adaptive fixation of a second substitution [5, 6, 9]. Finding
more than two closely spaced substitutions is often inter-
preted as evidence for the repeated fixation of adaptive alleles
[2, 3] or balancing selection [4]. However, if there is amutational
process that can introduce multiple mutations to the same
haplotype in a single generation (or a small number of genera-
tions), then natural selection need not be invoked. Although*Correspondence: mwh@indiana.eduthere is previous evidence for multinucleotide mutations
(MNMs) in viruses, bacteria, yeast, andmulticellular eukaryotic
cell lines [12, 13], it is not clear whether a similar phenomenon
occurs in the germline of multicellular eukaryotes. In order for
these MNMs to play an important role in the evolution of multi-
cellular eukaryotes, they must occur in the germline at an
appreciable frequency. Below, we provide several lines of
evidence that MNMs do occur at a high rate in the germline,
accounting forw3% of de novo mutations across eukaryotes,
and are therefore heritable and available as raw material for
evolution.
We first examined the frequency of MNMs in previously
published mutation-accumulation (MA) experiments from
Saccharomyces cerevisiae [14], Caenorhabditis elegans [15,
16], Arabidopsis thaliana [17], and Drosophila melanogaster
[18]. MA experiments reduce the efficacy of natural selec-
tion, thereby revealing the near-complete spectrum of muta-
tion. Under a Poisson mutational model (see Supplemental
Experimental Procedures), no closely spaced mutations are
expected in any of these experiments (defined as at least two
nucleotide substitutions within 20 bp of one another in the
same MA line; results are also significant using windows of
10, 50, or 100 bp). Therefore, any closely spaced mutations
are likely the result of MNMs. Examining nucleotide substitu-
tions in sequenced MA line genomes that were validated by
Sanger sequencing, we found at least one MNM in each
organism, most often including only two substitutions but
sometimes including three substitutions (Table 1). Across
experiments, MNMs comprise between 2% and 16% of the
total number of nucleotide substitutions (average across
studies = 3.39%). Although multiple neighboring mutations in
MAexperiments do not necessarily have to arisewithin a single
generation, they must have occurred only a few hundred (or in
the case of A. thaliana, <30) generations apart.
To examine the frequency of MNMs in humans, we consid-
ered data fromparent-offspring trios. A recent literature review
of data from trios found many examples of multinucleotide
mutational events but was not able to quantify their frequency
[19]; the frequency of such events is important in under-
standing their relevance for evolutionary studies. Sequence
data from trios consisting of unaffected parents and offspring
affected bydominant diseasemutations have been usedprevi-
ously to obtain a quantitative estimate of the per-nucleotide
mutation rate [20, 21]. We used trio data on mutations
resulting in premature stop codons in 44 autosomal genes
(collected in [21]) to count the number of single-generation
mutational events that involvedmultiple nucleotides. Although
there are biases inherent in estimating the fraction ofmutations
in such studies that are due to MNMs, in general agreement
with the data from MA lines, we found that multinucleotide
events comprised 6.9% of base substitutions. There are
several reasons why this number may deviate from the true
rate of multinucleotide mutation (see Supplemental Experi-
mental Procedures). Therefore, to get an unbiased view of
humanMNMs, we used whole-genome sequences of two trios
from the 1000 Genomes Project Consortium [22] to find multi-
nucleotide events. Using stringent criteria for base quality and
coverage, 2.11% and 3.23% of all de novo nucleotide
Table 1. Multinucleotide Mutations in Mutation-Accumulation Lines
Species Chromosome Positions Line Reference
S. cerevisiae 14 688148a, 688149a, 688150a C5 [14]
C. elegans III 1933779a, 1933788a 77 [15]
V 18914852, 18914873 B526 [16]
I 11042658, 11042669, 11042691 B529 [16]
IV 1201160, 1201163 B538 [16]
V 14433734, 14433737 B574 [16]
A. thaliana 4 13514562a, 13514563a 119 [17]
D. melanogaster 3L 22741983, 22742032 M138 [18]
3R 27545050, 27545069a M138 [18]
X 11668883a, 11668884a M126 [18]
X 20669767, 20669802a M158 [18]
a Validated by Sanger sequencing. None of the mutations listed were found to be false.
Figure 1. Definition of Multinucleotide Polymorphisms
(A) An example of a heterozygous multinucleotide polymorphism (MNP). In
this case, a pair of single-nucleotide polymorphisms must be present (but
do not have to be adjacent), with one haplotype exactly matching the refer-
ence genome and one differing at both positions.
(B) An example of a homozygousMNP, where the two haplotypes differ from
the reference genome.
See also Figure S2.
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(Yoruban) trios, respectively (see Supplemental Experimental
Procedures). No such clusters of substitutions would be ex-
pected if all mutations were independent (p < 0.0005 in each
trio). Varying stringency thresholds always resulted in 1%–
4% of de novo mutations being MNMs (Supplemental Experi-
mental Procedures). The data from diseased and healthy trios
are in quantitative agreement with those from theMA lines and
published phylogenetic studies [11], suggesting that a similar
mechanism is responsible and demonstrating that this mech-
anism can act within a single generation.
The results from MA lines and trios provide evidence that
multinucleotide mutational events occur, but they do not tell
us whether they represent a substantial proportion of varia-
tion within species. To determine whether MNMs are found
within human populations, we first looked for pairs of nearby
single-nucleotide polymorphisms (SNPs) within the Illumina-
sequenced genome of a Han Chinese individual, referred to
as YH01 [23]. This individual was used because of the high
read depth and high quality of the sequence, both of which
are necessary for accurate identification of polymorphisms.
We independently called 1,665,824 high-confidence heterozy-
gous SNPs and 975,211 homozygous SNPs that differ from the
NCBI 36 reference genome (see Supplemental Experimental
Procedures). After phasing different haplotypes using reads
overlapping both polymorphic sites, we found 51,557 hetero-
zygous pairs of SNPs that were within 20 bp of one another
and that did not exhibit an intermediate (recombinant) haplo-
type in the NCBI reference genome (Figure 1A). We also found
33,266 homozygous pairs of SNPs where YH01 contains two
sites that both differ from the reference genome (Figure 1B).
We refer to such groups of polymorphisms with only two
observed haplotypes as multinucleotide polymorphisms
(MNPs; cf. [24]).
The proportion of MNPs due to multinucleotide mutational
events can be inferred by polarizing these substitutions using
the chimpanzee and orangutan genomes as outgroups. MNPs
due to MNMs will have both substitutions on one haplotypic
lineage (Figure 2A), whereas those due to separate single-
nucleotide events can have substitutions on both lineages
(Figure 2B). Under the assumption that mutations occur inde-
pendently, the expected proportion of cases with both muta-
tions on the same lineage is 50%. We were able to confidently
infer the ancestral state for 71,019 MNPs (see Supplemental
Experimental Procedures) and found that the majority
(48,235, or 67.92%) represented mutations occurring on the
same branch (Figure 2). Thus, we observe 25,451 more pairsof substitutions occurring within 20 bp of each other than ex-
pected; this is a highly significant excess (c2 = 9120.85, p <
2.2 3 10216), suggesting that these substitutions are due to
MNMs. Notably, these 25,451 MNPs due to MNMs account
for 1.93% of all nucleotide polymorphisms called in the YH01
genome using the same data and quality standards. The simi-
larity in the proportion of MNMs found in the trio data and the
polymorphism data strongly suggests a similar molecular
mechanism—one that acts within a single generation. This
fraction of all nucleotide polymorphisms due to MNMs is
also highly similar to the excess of adjacent SNPs of the
same frequency identified previously (w0.89%; [10]). Exam-
ining the genomic locations of all 48,235 possible MNMs in
YH01 (i.e., both substitutions are on one lineage), we also
found that they are at frequencies comparable to SNPs within
exons, introns, and intergenic sequences (see Table S1 avail-
able online). This implies that MNMs are not on average
subject to significantly stronger natural selection than SNPs.
The fact that the majority of human MNMs occur in nonfunc-
tional regions also excludes selective explanations, such as
compensatory evolution, for their appearance.
In addition to describing the frequency of MNMs, our results
also suggest that themechanism (or mechanisms) responsible
Figure 2. Multinucleotide Mutations Result in an Overrepresentation of
Substitutions on the Same Lineage
(A) Two ways that two substitutions can occur on the same haplotypic
lineage. The red and blue lines represent individual mutational events
(e.g., A/T or C/G). The number of phased and polarized pairs of closely
spaced substitutions in the Illumina-sequenced genome YH01 occurring in
this manner is shown below the diagrams.
(B) Twoways that two substitutions can occur on different lineages, with the
number of such pairs of substitutions in YH01 shown beneath the diagrams.
If all substitutions are independent, the number of pairs occurring on the
same lineage (A) should equal the number of pairs occurring on different
lineages (B).
See also Tables S1 and S2.
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physical distance between the substitutions contained within
the 48,235 possible MNMs reveals that the most common
event comprises substitutions in two adjacent positions (Fig-
ure 3; Figure S1). In fact, 50% of all possible MNMs in this
data set fall within four bases of one another, though there
are significantly more pairs of substitutions on the same
lineage at all distances up to 20 bp (p < 6 3 1025 for each
comparison at each distance). Of all pairs of single-nucleotide
changes within 20 bp of each other, 16.8% are likely due to
a multinucleotide mutational event.Figure 3. Multinucleotide Mutations Are More Likely to Be Close Neighbors
The distribution of nucleotide distances between phased and polarized
pairs of substitutions in YH01 that occurred on the same haplotypic lineage
(blue line) and on different lineages (red line). Multinucleotide mutations
must have occurred on the same lineage. Adjacent substitutions are indi-
cated by a distance of 1 bp, substitutions with one intervening base are indi-
cated by a distance of 2 bp, etc. See also Figure S1.MNMs may also involve distinct combinations of bases.
We found that, of the 144 possible pairs of nucleotide sub-
stitutions, some were observed far more often than others
(Table S2). CpG mutations may be in part responsible for the
overrepresentation of certain MNMs, especially the CA/TG
double substitution (where CG can represent an intermediate
state). However, of the 48,235 possible MNMs in YH01,
<10% (4,372) could possibly be explained by substitutions at
CpGs. Pairs of substitutions that could not possibly have
been due to CpGs were still significantly overrepresented on
a single branch (62.56%; c2 = 6666.83, p < 2.2 3 10216; see
Figure S1B).
Because the YH01 genome is based on Illumina short-read
sequences, reads containing more than two differences from
the reference genome were discarded during mapping [23].
Therefore, any MNMs that alter more than two positions will
not have been detected in our analysis. In order to explore
longer MNMs—and to ensure that our findings were not an
artifact of the elevated error rate inherent to next-generation
sequencing technologies—we considered 54,208 MNPs pre-
viously identified in the genome of J. Craig Venter [24]. As
before, MNPs in this data set consist of clusters of SNPs
exhibiting only two observed haplotypes (as illustrated in Fig-
ure 1). Because these data were obtained from longer Sanger
sequencing reads, larger groups of mutations were detect-
able, including a few events that contain many neighboring
substitutions (Figure S2). Consistent with results for YH01,
most of the MNPs in the Venter genome consist of two sub-
stitutions within a few bases of one another. However, consid-
ering only substitutions at consecutive positions, a substantial
number ofMNPs involving three to nine baseswere found (Fig-
ure S2C). These longer events do not include any MNPs that
were possibly due to ectopic gene conversion from paralo-
gous sequences or that were due to complementary deletions
(Supplemental Experimental Procedures). In the same manner
as with YH01, the chimpanzee and orangutan genomes were
used to infer the ancestral state of these MNPs. Once again,
the majority (67.59%) of polarizedMNPs were found to consist
solely of mutations occurring on the same branch (Supple-
mental Experimental Procedures), implying that many of these
MNPs are the result of multinucleotide mutational events. We
also found that 25.2% of potential MNMs with two substitu-
tions in the Venter genome are present in YH01, strengthening
the assertion that these represent true events (rather than
sequencing errors) and the inference that they occur simulta-
neously or in rapid succession.
Far from being a peculiarity of the mutational process in
a single organismal lineage, MNMs appear to occur across all
domains of life [12, 13]. A number of different mechanisms
may explain MNMs, including transient hypermutation due to
incorrectly transcribed or translated DNA polymerases [25],
or simply the normal activity of the more error-prone compo-
nents of DNA repair pathways [26, 27]. It may also be the
case that a single mutation at one site causes a second muta-
tion at a nearby site (cf. [8, 28]), though this mechanism would
act over a small number of generations rather than in a single
generation. Because many of the competing hypotheses differ
in the processivity of the polymerase invoked to explain the
multiplicity of errors or in the specific base substitutions intro-
duced, thegenomicdatapresentedhereshouldprovide a large
number of events that can be used to distinguish among them.
Regardless of the precise molecular mechanisms, it is clear
that the interpretationofpatternsofmolecular evolution—espe-
cially with regard to inferences of adaptive evolution—must
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observation that 64% of substitutions in the same codon
occurred along the same lineage led Bazykin et al. [5] to infer
the actionof positive selection; this proportion is almost exactly
the same as the number of MNMs we observe across the
genome, suggesting that no selective explanation is necessary.
Although adaptive processes need not be invoked if MNMs are
common, this does not exclude the possibility that MNMs can
themselves be a target of selection. In fact, the activity of such
a mutational mechanism also raises the possibility that organ-
isms can ‘‘leap’’ across apparent fitness valleys [29] by simulta-
neously acquiring multiple substitutions required to reach
higher fitness states [30, 31]. This result implies that we may
have to reassess the probability of seemingly rare evolutionary
events [32].
Supplemental Information
Supplemental Information includes two figures, two tables, and Supple-
mental Experimental Procedures and can be found with this article online
at doi:10.1016/j.cub.2011.05.013.
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